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a  b  s  t  r  a  c  t
A  new  trivalent  gallium  (Ga3+) ion  conducting  solid  was  successfully  developed  by selecting  the  three
dimensionally  well-ordered  NASICON-type  structure.  Although  Ga  is accepted  as a species  whose  cova-
lency is  so high  that trivalent  Ga3+ ion is inappropriate  ionic  species  in  solids  to  migrate  due  to  its  strong
bonding  with  surrounding  ions  such  as  oxide  anion,  we  demonstrated  the  trivalent  Ga3+ ion conduction  invailable online 9 September 2016
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the NASICON-type  (GaxTi1−x)4/(4−x)Nb(PO4)3 solids  by  strictly  selecting  the  constituent  cations.  Among  the
samples  prepared,  (Ga0.1Ti0.9)40/39Nb(PO4)3 showed  the  highest  Ga3+ ion  conductivity  of  5.1 ×  10−5 S cm−1
at  600 ◦C.
©  2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).. Introduction
Solid electrolytes are functional materials in which single ion
pecies generally migrate as a charge carrier in solids, and they
re greatly expected to apply to various electrochemical devices
uch as rechargeable batteries (Li+ ion conductors [1]), fuel cells
H+ [2] or O2− ion conductors [3]), and chemical sensors (many
inds of cation and anion conductors) from such a unique property
f mass migration accompanying with electric charge. However,
ost of them are limited to solids whose conducting species are
onovalent cations or divalent O2− ion because they possess a high
onic conductivity or high chemical stability, while many kinds of
ons whose valence state is from monovalent to tetravalent have
een discovered to migrate in solids.
In general, ion conduction in solids depends on the valence
tate; the lower valence ions readily migrate compared to higher
nes from the consideration of bond strength with surrounding
ounter ions. As a result, high valence cations such as trivalent
nd tetravalent cations have been believed to be poor migrants
n solids. However, after the ﬁrst discovering of the trivalent Sc3+
ation conduction in Sc2(WO4)3 [4], various kinds of trivalent [5]
nd tetravalent cations [6–8] have been reported to migrate in
olids by strictly selecting both the crystal structure appropri-
te for ion migration and its constituents. For realizing the high∗ Corresponding author.
E-mail address: imanaka@chem.eng.osaka-u.ac.jp (N. Imanaka).
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eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.08.002
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).valence cation conduction in solids, it is necessary to introduce
higher valence cations than the conducting trivalent cation into
the structure as well as selecting the suitable crystal structure hav-
ing enough open space for ion migration such as two-dimensional
layered or three-dimensional skeleton network structure. By real-
izing the above-mentioned points, trivalent cations such as Al3+,
In3+, and R3+ (R: rare earths) have been reported as the conducting
ion species in the Sc2(WO4)3 type or the NASICON (Na+ super ionic
conductor)-type structure. However, trivalent cations reported as
the conducting species were all small-size and/or high ionicity (in
other words, low covalency) species, and Ga3+ (ionic size: 0.076 nm
[coordination number (CN): 6] [9], electronegativity: 1.81) has not
been reported to conduct in solids yet because Ga atom may  bond
strongly to oxygen with high covalency in the structure. There-
fore, in order to realize a trivalent Ga3+ ion conduction in solids,
it should be required to reduce the bond strength with oxygen
by introducing the cations which has much higher valency and/or
higher electronegativity.
In this work, we selected the NASICON-type structure possess-
ing relatively large open space in its structure similar to the other
reported trivalent cation conductors for the realization of Ga3+
migration. Here, we focused on tetravalent titanium (Ti4+) and
pentavalent niobium (Nb5+) ions for the high valence cations that
are always required to realize the trivalent cation conduction in
solids as mentioned above, because their electronegativity values
(Ti: 1.54, Nb: 1.6) are relatively high among the tetravalent and
pentavalent cations, respectively, and investigated the ion con-
ducting properties of the NASICON-type (GaxTi1−x)4/(4−x)Nb(PO4)3
phosphates.
tion and hosting by Elsevier B.V. This is an open access article under the CC
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Fig. 1. XRD patterns for the (GaxTi1−x)4/(4−x)Nb(PO4)3 solids (x = (a) 0.03, (b) 0.05, (c)
0.07, (d) 0.10, (e) 0.13, (f) 0.20, (g) 0.25, and (h) 0.30). (©: NASICON-type phase; :
TiP2O7; : NbPO5).
Fig. 2. Compositional dependencies of the lattice volume of the NASICON-S. Tamura et al. / Journal of Asia
. Experimental
(GaxTi1−x)4/(4−x)Nb(PO4)3 solids were synthesized by a conven-
ional solid-state reaction with high purity starting materials of
a2O3 (99.99%, Kojundo Chemical Lab. Co., Ltd), TiO2 (99.9%, Wako
ure Chemical Industries, Ltd), Nb2O5 (99.9%, Wako Pure Chemi-
al Industries, Ltd), and (NH4)2HPO4 (99.99%, Aldrich). After mixing
hese starting materials in a stoichiometric ratio with an agate mor-
ar, the mixed powder was calcined within alumina boat at 600 ◦C
or 6 h, 1100 ◦C for 6 h, and 1200 ◦C for 6 h in an air atmosphere with
nterval mixing of the powder between each calcination step.
The obtained samples were identiﬁed by X-ray powder diffrac-
ion (XRD) analysis using Cu K radiation (SmartLab, Rigaku) with
 step scanning method in the 2 range from 10◦ to 40◦ with a step
idth of 0.04◦. The lattice volume of the samples was calculated
rom the XRD peak angles, which were reﬁned using -Al2O3 as
 standard. After identifying the crystal phase of the samples, the
ample powders were pressed into a pellet shape and sintered at
200 ◦C for 12 h in an air atmosphere.
The ac conductivity of a sintered sample pellet with a sputtered
latinum layer on both center surfaces was measured using the
omplex impedance method in the frequency region from 5 Hz to
3 MHz  (1260 Impedance/Gain-Phase Analyzer, Solartron) at tem-
eratures between 300 and 600 ◦C in various atmospheres whose
xygen partial pressure range was between 10−9 and 105 Pa. Dc
lectrolysis was carried out by applying a dc voltage of 6 V to a
ample pellet sandwiched between Pt bulk electrodes at 800 ◦C for
68 h in atmospheric air. After the dc electrolysis, the elemental
istribution in the electrolyzed sample was examined by energy
ispersive X-ray spectroscopy (EDX; SSX-550, Shimadzu). Modi-
ed Tubandt dc electrolysis using three sample pellets and Pt bulk
lectrodes was conducted at 800 ◦C for 168 h by applying 4 V in air,
nd the weight change of each sample pellet was measured in order
o quantitatively demonstrate the Ga3+ migration.
. Results and discussion
From the X-ray powder diffraction (XRD) analysis of the pre-
ared samples (Fig. 1), it was found that the single phase of
ASICON-type structure was successfully obtained for the sam-
les with x ≤ 0.10 while impurity phases of NbPO5 ((NbO)(PO4)
nd TiP2O7) appeared for the solids with x > 0.10. Fig. 2 depicts
he lattice volume of the NASICON-type phase for the prepared
olids. In the single phase region (x ≤ 0.10), the lattice volume of
he NASICON-type phase linearly increased with increasing the Ga
ontent because of the larger ionic radius of Ga3+ (0.076 nm [CN:
] [9]) than that of Ti4+ (0.0745 nm [CN: 6] [9]). Since any mean-
ngful lattice volume change of the NASICON-type phase was  not
bserved for the multi-phase mixture region (x > 0.10), it was  clear
hat the solids only for the x ≤ 0.10 successfully formed the single
hase of solid solution. Furthermore, we have conﬁrmed no con-
amination of Al species from the alumina boat used for the sample
reparation by ﬂuorescent X-ray analysis.
Fig. 2 also presents the compositional dependence of
he ac conductivity in atmospheric air at 600 ◦C for the
GaxTi1−x)4/(4−x)Nb(PO4)3 (0.0 ≤ x ≤ 0.30) solids with the cor-
esponding data for the TiNb(PO4)3 (x = 0.0; this solid has been
eported as the Ti4+ ion conductor [7]). Although the conductivity
educed with introducing the Ga3+ into the TiNb(PO4)3 due to
ts large ionic size (larger ions may  be difﬁcult to migrate in
igid crystal lattice compared to smaller ones), the conductivity
onotonically increased with increasing the Ga content (x) in the
ingle phase region of the NASICON-type structure (0.03 ≤ x ≤ 0.10)
nd the highest conductivity of 5.1 × 10−5 S cm−1 was obtained
or the sample with x = 0.10. On the other hand, the conductivitytype phase and the AC conductivity at 600 ◦C in atmospheric air for the
(GaxTi1−x)4/(4−x)Nb(PO4)3 (0.0 ≤ x ≤ 0.30) solids.
decreased in the multi-phase mixture region caused by the for-
mation of impurity phases (NbPO5 and TiP2O7) that inhibit Ga3+
migration in the solid (the Ga3+ conduction in the sample with
x = 0.1 is demonstrated as described below). This phenomenon
also supports the idea that the compositional limit for forming
the single phase of NASICON-type structure is x = 0.10. The reason
why such a larger Ga3+ ion than Ti4+ ion can migrate smoothly in
the (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid is considered to be due to its
lower valence state even if its ionic size is large. In other words,
this result suggests that the valence state of the conducting cation
392 S. Tamura et al. / Journal of Asian Ceramic Societies 4 (2016) 390–393
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Table 1
Theoretical and observed weight change for the (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid during
the  modiﬁed Tubandt electrolysis by applying a dc voltage of 4 V at 800 ◦C for 168 h.
Sample pellet Theoretical weight
change (mg)
Observed weight
change (mg)
A (Anodic) −0.445 −0.442
B (Middle) 0 0ig. 3. EDX line analyses for the electrolyzed (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid by the
pplication of 6 V at 800 ◦C for 168 h in atmospheric air.
pecies affects more strongly to the ion migration than the ionic
ize for the (GaxTi1−x)4/(4−x)Nb(PO4)3 solids.
For identifying the Ga3+ conduction in the
GaxTi1−x)4/(4−x)Nb(PO4)3 solids, dc electrolysis was  performed at
00 ◦C for the (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid which showed the
ighest conductivity among the series. By applying dc voltage
igher than the decomposition one (the decomposition voltage
t 800 ◦C was preliminarily measured to be ca. 1.0 V) to the
ample pellet sandwiched by two ion-blocking Pt bulk electrodes
Fig. 3), only the conducting cation species should continuously
nd macroscopically migrate toward the cathodic direction by
he potential gradient, and segregate at the interface between the
ample pellet and the cathodic Pt electrode. Therefore, we can
btain an evidence for the migration of conducting cationic species
t or near the cathodic surface where the platinum ion-blocking
lectrode is in contact. Fig. 3 also shows the results of EDX line
nalyses for the electrolyzed sample by application of 6 V at 800 ◦C
Fig. 4. Set-up of the modiﬁed Tubandt electrolyC  (Cathodic) +0.445 +0.438
for 168 h in atmospheric air. Only Ga segregation at the cathodic
surface of the sample was  observed whereas the other cationic
species were homogeneously distributed in the sample pellet,
clearly suggesting that the conducting cationic species in the
(Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid is only Ga3+. While the increase of
the Ti concentration at anodic side was observed for the elec-
trolyzed sample, this behavior may  be caused by the experimental
matter; the EDX line analysis gives the qualitative result. After
migration of Ga3+ from the anodic side, certain amount of Ti which
occupy the same site of Ga in the structure might be increased
relatively at anodic side compared to that inside of the sample
pellet. Furthermore, modiﬁed Tubandt dc electrolysis using three
sample pellets and Pt bulk electrodes was  conducted at 800 ◦C
(Fig. 4). If Ga3+ ion is the conducting species in solid, clear weight
loss is observed at the anodic pellet (A) due to the Ga3+ migration
from pellet A to B as well as oxygen release. After the migration
of Ga3+ ions to the cathodic pellet C through the middle pellet B,
Ga3+ ions should be blocked by the cathodic Pt bulk electrode, and
then segregate at the cathodic surface, meaning that the weight
gain is expected for the pellet C. For the pellet B, any meaningful
weight change is not observed theoretically because the Ga3+ ions
pass through the pellet. Table 1 tabulates the observed weight
change for each sample pellet together with the theoretical weight
change estimated from the quantity of electron passed during the
electrolysis in the case that only Ga3+ ion is the conducting species.
Clear weight loss for the anodic pellet A and weight gain for the
cathodic pellet C, which coincide well with the theoretical ones
(ca. 99%), were observed. Since we also elucidated the possibility of
electronic conduction (e− or h+) in the sample by the investigation
of dc and ac conductivities in various atmospheres whose oxygen
partial pressure was  varied between 10−9 and 105 Pa (the results
are not shown here), and estimated that the cationic transference
number was over 0.99 in the atmospheric air, we can conclude
that the conducting species in the (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid
is only Ga3+. While it was reported that monovalent Ga+ ion can
be obtained in a unique circumstance such as strong reducing
atmosphere or non-oxide material, the present sample was pre-
pared in air atmosphere including enough oxygen (ca. 0.21 atm).
Furthermore, we  successfully obtained the target composition
which is estimated from the trivalent Ga3+ without any impurities
for the samples with x ≤ 0.1. From these results, we can regard that
the Ga ions in the samples hold the trivalent state.
sis for the (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid.
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Gig. 5. Temperature dependence of the ion conductivity for the
Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid () with the corresponding data for the Al3+
onducting (Al0.2Zr0.8)20/19Nb(PO4)3 (- - -).
Fig. 5 depicts the temperature dependence of the Ga3+ ion
onductivity for the (Ga0.1Ti0.9)4/3.9Nb(PO4)3 solid. The Ga3+
on conductivity at 600 ◦C and the activation energy were
.1 × 10−5 S cm−1 and 54.7 kJ mol−1, respectively, which were
ower and higher than those (4.5 × 10−4 S cm−1 and 52.4 kJ mol−1)
or the Al3+ ion conducting NASICON-type (Al0.2Zr0.8)20/19Nb(PO4)3
olid [10] because the large ionic size and high electronegativity of
a3+ ion compared to Al3+ ion make it difﬁcult to migrate in solids.
[mic Societies 4 (2016) 390–393 393
4. Conclusions
The trivalent Ga3+ ion conduction in the NASICON-type solid was
successfully realized by intentionally introducing the tetravalent
Ti4+ and pentavalent Nb5+ cations whose electronegativity (1.54
and 1.6) is relatively high among the tetravalent and pentavalent
cation species into the structure. Although the Ga3+ conductivity
in solids was  still lower than the other trivalent cation species
such as Al3+ due to its large ionic size and its high electroneg-
ativity, the fact that such a cation whose covalency is relatively
high can also conduct in solid is important for discovering a new
conducting species which has been believed not to migrate in
solids.
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